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Ab initio theoretical study of the methyl and phosphine torsion modes
in ethylphosphine
Yves G. Smeyers, F. J. Mele´ndez,a) and M. Luisa Senent
Instituto de Estructura de la Materia, c/ Serrano, n 123, E-28006-Madrid, Spain
~Received 17 July 1996; accepted 8 October 1996!
In this paper, the far infrared ~FIR! methyl and phosphine torsional frequencies and intensities are
determined theoretically in ethylphosphine from ab initio calculations. For this purpose, the
potential energy function for the double rotation of the methyl and phosphine groups in the
electronic ground state is determined in a standard calculation by using the MP2/RHF and a
6-31G(3d f ,p) basis set, with full optimization of the geometry. The numerical results are fitted to
a symmetry adapted analytical form and introduced together with the kinetic parameters into the
Hamiltonian operator. The Schro¨dinger equation for these two motions is solved by developing the
solutions on the basis of products of trigonometric functions. From the energy levels, the torsional
functions and the dipole moment variations the FIR spectrum is synthesized. A new assignment is
proposed for some trans-trans and the gauche-gauche transitions between the phosphine levels.
Additional transitions between the methyl levels are also proposed. It is concluded that a two
dimensional calculation is indispensable for reproducing the FIR torsional spectrum in the region
from 200 to 140 cm21. © 1997 American Institute of Physics. @S0021-9606~97!00803-9#I. INTRODUCTION
The ethylphosphine molecule has been considered by
both the experimentalists1,2 and theoreticians3 as an extreme
case in which the two hindered rotations of the methyl and
phosphine groups may still be treated separately. One dimen-
sional calculations of the phosphine group torsion furnish
indeed the general feature of far infrared ~FIR! torsional
spectrum in the 200 cm21 region, but they are unable to
reproduce the complexity of this zone of the spectrum. In the
present paper, both internal rotation modes of the methyl and
phosphine groups will be taken simultaneously into account
in an ab initio calculation of the FIR frequencies and inten-
sities.
For this purpose, we follow the same technique as de-
veloped in previous work3–8 for the double C3v rotation. In a
first step, the potential energy function for both large ampli-
tude vibration modes was determined in an electronic calcu-
lation with full optimization of the remaining coordinates. In
a second step, the Hamiltonian operator for both torsional
motions was solved by developing the solutions on the basis
of products of trigonometric functions of the rotational coor-
dinates. Finally, in a third step, the spectrum was synthesized
by calculating the frequencies and the intensities.
In previous papers on dimethyl systems4–8 the classifi-
cation of the levels and the assignment of the transitions
have been made with the support of the G36 nonrigid group
symmetry eigenfunctions, as developed in Ref. 9. In the case
of ethylphosphine, because of its lower nonrigid symmetry,
one has to resort to both the energy levels and the intensities
of the transitions to classify the levels and assign the transi-
tions. A similar technique was followed in Ref. 10 for me-
thylamine.
a!This work is part of the Ph.D. thesis of F.J.M.J. Chem. Phys. 106 (5), 1 February 1997 0021-9606/97/106(5)/1
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A. The restricted Hamiltonian operator
The Hamiltonian operator restricted to the double inter-
nal rotation in ethylphosphine may be written as
H52
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1V~u ,a!, ~1!
where Bu , Ba are the diagonal kinetic parameters for the
methyl and phosphine group, respectively, Bu ,a and Ba ,u are
the nondiagonal interaction terms, and V(u ,a) is the poten-
tial energy function.
Taking into account that the phosphine group is rela-
tively heavy, it is reasonable to assume that the whole mol-
ecule will not move appreciably around the center of mass
with the rotations, so that the Pitzer formulae for the kinetic
parameter could still have been used. The kinetic parameters,
however, were calculated by inversion of the inertial
matrix:11
S I XXt Y D , ~2!
where I is the inertial tensor corresponding to the overall
rotation, Y is the vibrational submatrix, and Xi the interac-
tion terms between the external and internal motions.
In particular we have
Xix5(
a
maS ra3]ra]a iD x , ~3!
Y i j5(
a
maS ]ra]a iD S ]ra]a j D , ~4!1709709/9/$10.00 © 1997 American Institute of Physics
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1710 Smeyers, Melendez, and Senent: Torsion modes in ethylphosphinewhere ma is the mass of atom a , and ra its displacement
vector. In these calculations, all structural dependencies were
taken into account including that on the HPH bending angle.
The potential energy function is determined numerically
by calculating the electronic energy (1 nuclear repulsion!
with full geometry optimization for a series of fixed configu-
rations and fitting the energy values to an analytical form.
B. Dynamical symmetry
As is well known, the whole set of the rotation opera-
tions which leave the Hamiltonian operator ~1! invariant,
forms the nonrigid group restricted to this kind of operation
(r-NRG!.12 It can be easily verified that: Concerning the me-
thyl top, a Cˆ 3 rotation will leave ~1! invariant. Considering
the whole molecule, i.e., the methyl and phosphine tops, as
well as the frame, a simultaneous change of the rotation
sense will also leave the operator ~1! invariant. As a result,
the r-NRG for the double internal rotation in ethylphosphine
may be written as
@C3
I`VI#5G6 , ~5!
which is a group of order six isomorphic to the symmetry
point group C3v .
In expression ~5!, C3I is the threefold r-NRG rotation
subgroup:
C3
I5@Eˆ1Cˆ 31Cˆ 3
2# ~6!
and VI the double switch r-NRG subgroup:
VI5@Eˆ1Vˆ # , ~7!
where Vˆ is the double switch operator:
Vˆ f ~u ,a![ f ~2u ,2a!. ~8!
The solutions of the Hamiltonian operator ~1! can thus
be classified according to the irreducible representations of
the G6 r-NRG, i.e., Ag ,Au , and E .
TABLE I. Selection rules for the infrared transitions in ethylphosphine.
ma1mb mc
Ag$Ag Ag$Au
Au$Au Au$Ag
E$E E$E
FIG. 1. Labeling of atoms in ethylphosphine, CH3CH2PH2, in trans confor-
mation.J. Chem. Phys., Vol. 106,
Downloaded 25 Jan 2013 to 161.111.22.141. Redistribution subject to AIP lSince the kinetic parameters and the potential energy
function must be invariant under all the operations of the
group ~5!, these parameters may be developed on the basis of
products of trigonometric functions which transform accord-
ing to the Ag representation, i.e.:
V~u ,a!5(
K
(
L
@AKL cos 3Ku cos La
1BKL sin 3Ku sin La# . ~9!
C. Intensity determination
The intensities were determined in the electric dipole
moment approximation13
TABLE II. The relative energy values ~in cm21! with respect to the poten-
tial energy minimumb of ethylphosphine as a function of the conformational
angles ~in degrees! computed at the MP2/RHFa level.
a/u 290 0 90 180
0 537.72 0.00 537.91 1124.65
10 609.93 52.79 585.77 1192.79
20 778.28 201.32 754.76 1380.91
30 998.76 413.62 1010.17 1641.46
40 1214.27 639.45 1291.19 1909.71
50 1364.87 822.27 1527.53 2115.99
60 1404.48 914.52 1657.66 2200.77
70 1319.75 892.35 1646.41 2134.96
80 1138.39 764.52 1498.81 1935.70
90 918.12 570.98 1262.04 1665.55
100 723.86 370.67 1009.83 1408.11
110 600.40 221.23 816.43 1234.48
120 567.70 160.90 730.69 1178.32
130 625.94 200.61 764.89 1235.23
140 764.59 328.11 897.83 1381.66
150 961.95 512.93 1088.34 1584.89
160 1179.99 709.03 1282.69 1800.19
170 1362.25 860.80 1420.84 1968.48
180 1454.08 919.05 1453.46 2033.19
aBasis set employed: 6-31G(3d f ,p).
bTotal energy 5 2421.031 473 291 hartrees.
FIG. 2. Contour plot of the potential energy surface. The contour lines are in
cm21.No. 5, 1 February 1997
icense or copyright; see http://jcp.aip.org/about/rights_and_permissions
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g
3BR2e2~E f2Ei!~Cf2Ci!^c f um~u ,a!uc i&
2
.
~10!
In this expression, Ei and E f are the energies and c i and
c f the torsional wave functions of the initial and final states
connected by the transition. The coefficients Ci and Cf are
the populations of the two states which were derived from
the Boltzmann statistics, R is the average distance between
the positions of the hydrogen atoms of the methyl or phos-
phine rotation axes, e is the elemental electron charge, g the
nuclear statistical weight, and B the average of the diagonal
kinetic parameters. Finally, m(u ,a ,) is the dipole moment
vector expressed as a function of the rotation angles.
m(u ,a) was resolved into the three components along
the principal inertia moment axes, a , b , and c , which can be
classified according to the symmetric Ag and antisymmetric
Au representations:
ma~u ,a!5(
K ,L
@AKL
am cos 3Ku cos La
1BKL
am sin 3Ku sin La# ,
~11!
mb~u ,a!5(
K ,L
@AKL
bm cos 3Ku cos La
1BKL
bm sin 3Ku sin La# ,
and
mc~u ,a!5(
K ,L
@AKL
cm cos 3Ku sin La
1BKL
cm sin 3Ku cos La# .
From the G6(C3v) character table, the selection rules for
the infrared transitions can be easily deduced. They are given
in Table I. In order to establish the mean profile of the FIR
bands, we need to know the mean values of the principal
moments of inertia, which are: Ia519.890, Ib5101.514, andJ. Chem. Phys., Vol. 106,
Downloaded 25 Jan 2013 to 161.111.22.141. Redistribution subject to AIP lIc5110.307 amu A2, i.e., ethylphosphine appears to be a
nearly prolate top with an asymmetry factor of
k520.963283.3 The most relevant dipole moment varia-
tions, which correspond to the phosphine torsion, occur
along the a and c axes. They will give rise to a- and
c-type bands.
The allowed a-type band transitions are thus
Ag!Ag ,Au!Au , and E!E . Those which give rise to
c-type bands ~perpendicular to the CCP plane! are
Ag!Au ,Au!Ag , and E!E . Taking into account the pro-
late shape of ethylphosphine, it can be forwarded that the
a-type band will exhibit marked P and R branches, whereas
the c-type exhibits a marked Q branch.
The nuclear spin weight of each state is easily deter-
mined for ethylphosphine-h7. The relative degeneracies be-
tween the Ag , Au and E states are 1 to 1.
III. CALCULATIONS AND RESULTS
A. Energy level calculations
The starting point for the calculation of frequencies and
intensities of the torsional transition was the ab initio elec-
tronic calculations of the potential energy surface as a func-
tion of the rotation angles with full optimization of the ge-
ometry with respect to the remaining coordinates.
In this aim, two levels of approximation were used: RHF
with the 6-31G(d ,p) plus ‘‘f ’’ orbitals on the phosphorous,
and RHF/MP2 with the 6-31G-~3d f ,p) basis set.
The calculations were performed every 10°, from 0° to
180°, for the phosphine rotation, and every 90° for the me-
thyl rotation, taking as origin for the rotations the symmetry
plane of the trans antieclipsed conformation ~see Fig. 1!. No-
tice that the rotation of the methyl group is referred to one of
the hydrogen atoms and performed every 90° in order to
preserve the C3 dynamical symmetry of this group.14 In
Table II, are given the relative electronic energy values ~in
cm21) for these conformations.
Fitting these results to the analytical form ~9! the follow-
ing expression is found for the potential:V~u ,a!51061.362568.41 cos 3u210.927 cos a2 45.834 cos 3u cos a257.492 cos 2a2447.205 cos 3a
143.801 cos 3u cos 3a26.240 cos 4a113.852 cos 3u cos 4a19.059 cos 6a2128.832 sin 3u sin a
13.691 sin 3u sin 2a134.369 sin 3u sin 3a129.963 sin 3u sin 4a26.817 sin 3u sin 5a . ~12!
The plot of this potential energy function gives rise to a surface presenting nine wells, three of them deeper, correspond
to the methyl torsion with the phosphine group in the trans position ~Fig. 2!. The six others, somewhat higher at
160.9 cm21 from the bottom, correspond to the methyl torsion with the phosphine group in one of the gauche conformations
at 6120°, such as described in the one dimensional calculations.2,3
In this figure, it is also seen that the barrier to the rotation of the methyl group (1124.5 cm21) is somewhat higher than that
of the phosphine one (914.5 cm21).
From the optimal geometry of all conformations, the B’s kinetic parameters were deduced, and adjusted to the same
analytical form ~9! (in cm21):No. 5, 1 February 1997
icense or copyright; see http://jcp.aip.org/about/rights_and_permissions
1712 Smeyers, Melendez, and Senent: Torsion modes in ethylphosphineBu~u ,a!55.40775420.014371 cos 3u10.192215 cos a20.015157 cos 3u cos a10.054894 cos 2a
20.028540 cos 3a10.011634 cos 3u cos 3a20.018492 cos 4a10.008035 cos 3u cos 4a
20.001715 cos 6a20.000103 sin 3u sin a20.007012 sin 3u sin 2a10.016137 sin 3u sin 3a
10.007977 sin 3u sin 4a10.001265 sin 3u sin 5a , ~13!
Bu ,a~u ,a!520.73961510.017845 cos 3u20.245727 cos a10.009566 cos 3u cos a20.040707 cos 2a
10.016661 cos 3a20.010642 cos 3u cos 3a10.014640 cos 4a20.005991 cos 3u cos 4a
10.001062 cos 6a10.006454 sin 3u sin a10.007177 sin 3u sin 2a20.016232 sin 3u sin 3a
20.006123 sin 3u sin 4a10.000399 sin 3u sin 5a , ~14!
Ba~u ,a!56.13699720.043931 cos 3a10.070074 cos a20.009668 cos 3u cos a10.030194 cos 2a
20.013407 cos 3a10.010282 cos 3u cos 3a20.009405 cos 4a10.005346 cos 3u cos 4a
20.000912 cos 6a20.011879 sin 3u sin 3a20.003117 sin 3u sin 2a10.014648 sin 3u sin 3a
10.005923 sin 3u sin 4a20.000464 sin 3u sin 5a . ~15!The double torsional Schro¨dinger equation correspond-
ing to the Hamiltonian operator ~1! was solved variationally
using the potential energy function ~12! and the kinetic pa-
rameters ~13!–~15!. For this purpose, the torsional solutions
were developed in terms of even and odd products of trigo-
nometric functions. The basis length was chosen in order to
reproduce the energy levels below 1000 cm21. So, 41 trigo-
nometric functions ~21 cosine and 20 sine! were used for
describing the phosphine rotation, and 31 functions ~16 co-
sine and 15 sine! for the methyl rotation, as done in Ref. 10.
Because the potential energy surface ~see Fig. 2! exhibits
two types of minima, trans and gauche, two types of tor-
sional levels can be distinguished, in accordance to the one
dimensional calculations for the phosphine torsion,3 i.e., the
levels whose wave functions are mainly located in the deep-
est trans potential energy well, and the levels whose wave
functions are principally localized in the gauche potential
energy wells. These last levels appear as doublets, gerade
and ungerade, because of the degeneracy of the gauche
double well. In Tables III and IV are gathered the trans and
gauche levels, respectively.
In these tables, it is seen that each trans or gauche level
shows an additional splitting into a nondegenerate and a two-
fold degenerate level, A and E , respectively, due to the three-
fold degeneracy of the potential energy surface with respect
to the methyl rotation.
The lowest trans levels are calculated to be at 208.335
and 208.341 cm21 associated to the Ag and E symmetries. In
the same way, the doublet components, gerade and ungerade,
of the lowest gauche levels are calculated at 354.179,
354.183, 354.179, and 354.184 cm21, associated with the A
and E symmetries, respectively.
The assignment of the levels is then achieved according
to the degeneracy and the parity of the levels, as well as the
calculated intensities of the transitions associated with them.
The torsional promotions between the phosphine vibrationJ. Chem. Phys., Vol. 106,
Downloaded 25 Jan 2013 to 161.111.22.141. Redistribution subject to AIP llevels give rise indeed to much more intense transitions than
those between the methyl vibration levels because of their
larger dipole moment variations.
The torsional methyl and phosphine vibration levels are
then labeled as n and n8, respectively. In addition, the dou-
blets of the gauche vibrational levels of the phosphine group
TABLE III. Calculated energy levels for the trans states in ethylphosphine.
Level Symmetry Energy (cm21) Assignmentsa
n n8
0 Ag 208.335 0 0
1,21 E 208.341 0 0
25 Au 397.069 0 1
5,26 E 397.096 0 1
27 Au 441.756 1 0
6,28 E 441.823 1 0
13 Ag 578.619 0 2
14,215 E 578.672 0 2
15 Ag 622.074 1 1
16,216 E 622.400 1 1
17 Ag 667.494 2 0
18,217 E 667.766 2 0
224 Au 748.332 0 3
25,225 E 748.387 0 3
229 Au 799.241 1 2
29,230 E 799.981 1 2
231 Au 833.708 2 1
30,232 E 834.590 2 1
236 Au 886.730 3 0
34,237 E 887.254 3 0
35 Ag 899.178 0 4
36,238 E 899.222 0 4
46 Ag 970.050 1 3
47,248 E 971.534 1 3
48 Ag 983.293 2 2
49,249 E 983.597 2 2
an and n8 are the quantum vibrational numbers of the methyl and phosphine
torsions, respectively.No. 5, 1 February 1997
icense or copyright; see http://jcp.aip.org/about/rights_and_permissions
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their parity.
The second set of trans levels is calculated to be at
397.069 and 397.096 cm21, associated with the Au and E
symmetries. In same way, the second set of gauche levels is
computed to be at 536.921, 536.936, 536.941, and
536.956 cm21, associated with A and E symmetries. Be-
cause of the strong intensities found for the transitions be-
tween these sets of levels and fundamental ones, as seen
hereafter, these levels can be assigned to a phosphine vibra-
tion mode, so that n50 and n851.
The third set of trans levels is calculated at 441.756 and
441.823 cm21, associated with the Au and E symmetries,
and the third set of gauche levels at 566.147, 566.201,
566.150, and 566.204 cm21, associated with the A and E
symmetries. Because of the weak intensities found for the
transitions between this third set of levels and the fundamen-
tal ones, these can be assigned to the methyl torsion modes,
so that n51 and n850.J. Chem. Phys., Vol. 106,
Downloaded 25 Jan 2013 to 161.111.22.141. Redistribution subject to AIP lThe phosphine levels are thus found to be located more
deeply into the potential energy wells than the methyl ones,
in accordance with one dimensional calculations for the
phosphine rotation3 and the methyl rotation.15 The assign-
ment of the remaining levels is achieved in the same way.
B. Intensity calculations
To obtain the band intensities, the oscillator strength of
Eq. ~10! was employed together with the populations of the
initial and final states obtained from the Boltzmann statistics
at 25°C. The oscillator strength expression requires the ex-
pansion of the dipole moment components in Fourier series
~11!.
Since the most relevant dipole moment variation, which
corresponds to the phosphine rotation, occurs along the a
and c principal moment axes, only these two components
were considered in this work. From the electronic calcula-
tions, the following expansion coefficients are deduced ~in
Debyes!:ma~u ,a!51.04918910.344440 cos a20.005350 cos 2a20.266472 cos 3a10.006435 cos 4a10.012680 cos 6a
20.002202 cos 3u cos 2a10.002339 cos 3u cos 3a10.003394 cos 3u cos 4a20.020604 sin 3u sin a
20.005212 sin 3u sin 2a10.003323 sin 3u sin 3a10.003729 sin 3u sin 4a20.000981 sin 3u sin 5a ,
~16a!
and
mc~u ,a!520.021847 sin 3u10.033561 sin 3u cos a20.026030 sin 3u cos 2a10.032796 sin 3u cos 3a
20.028683 sin 3u cos 4u20.028328 sin 3u cos 5a10.826640 sin a20.056881 sin 2a
10.022576 sin 3a20.018090 sin 4a20.023021 cos 3u sin a20.035691 cos 3u sin 2a
10.004679 cos 3u sin 3a10.033921 cos 3u sin 4a . ~16b!Since ethylphosphine is a nearly symmetric prolate top,
the ma dipole moment variation give rise to parallel a-type
bands with well defined P , Q , and R branches, and the mc
one to perpendicular c-type bands with sharp Q branches.
From the energy levels of Tables II and III, the torsional
wave function, expressions ~7! and ~13!, and the FIR band
frequencies and intensities were deduced. The a-type bands
were found to be relatively weak, whereas the c-type bands
are relatively strong. The frequencies and intensities for
gauche-gauche (g-g) transitions between the phosphine tor-
sional levels corresponding to a-type bands are given in
Table V. The frequencies and intensities for the trans-trans
(t-t) and g-g transitions between the phosphine and methyl
torsional levels corresponding to the c-type bands are gath-
ered in Tables VI, VII, VIII, and IX. Finally, in Tables X and
XI, frequencies and intensities of some combination bands
which involve both torsional modes of c-type bands are also
given.IV. DISCUSSIONS
The FIR spectrum of ethylphosphine was recorded by
Groner et al. in the region of 200–140 cm21.1 The spectrum
is complex and consists of a series of linelike features which
are superimposed on a strongly absorbing background. These
linelike bands were initially attributed to the central Q
branches of c-type transitions.
The t-t and g-g a-type bands between the phosphine
torsional levels are theoretically predicted to also appear in
this region. They are indeed generally very weak, and should
contribute mainly to the background observed in this region.
The P , Q , R structure of two of them observed at 183 ~shoul-
der! and 173 ~weak! cm21 suggests a possible assignment
for the two strongest a-type bands in the g-g series:
n850(E1)!n851(E1) calculated at 182.8 cm21 ~calcu-
lated intensity 0.0023! and n851(E1)!n852(E1) com-
puted at 171.8 cm21 ~0.0017!.
The t-t and g-g c-type bands between the phosphineNo. 5, 1 February 1997
icense or copyright; see http://jcp.aip.org/about/rights_and_permissions
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region.1–3
The t-t transitions give rise to doublets. Their frequen-
cies and intensities are given in Table VI. In the present
work, the fundamental frequency for the t-t transition
n50, n8(E1)!n851(E2) is calculated to lie at
188.75 cm21 as the strongest band in the spectrum ~calcu-
lated intensity 0.0222!. The assignment of the first, second,
and third sequence transitions, t-t at 181.55 ~0.0169!, 169.71
~0.0095!, and 150.85 (0.0046) cm21 can be achieved easily
on the basis of their intensities. These four theoretical pre-
dictions match reasonably well with the observed values at
183.4 ~very strong!, 177.4 ~very strong!, 166.3 ~strong!, and
149.8 ~medium strong! cm21.
This assignment could be performed on the basis of an
one dimensional calculation.3 But, in the present two dimen-
TABLE IV. Calculated energy levels for the gauche states in ethylphos-
phine.
Level Symmetry Energy (cm21) Assignmentsa
n n8
2 Ag 354.179 0 01
3,23 E 354.183 0 06
22 Au 354.179 0 02
4,24 E 354.184 0 07
7 Ag 536.921 0 11
8,29 E 536.936 0 16
210 Au 536.941 0 12
9,211 E 536.956 0 17
10 Ag 566.147 1 02
11,213 E 566.201 1 07
212 Au 566.150 1 01
12,214 E 566.204 1 06
19 Ag 708.732 0 21
20,218 E 708.752 0 26
219 Au 709.120 0 22
21,220 E 709.139 0 27
22 Ag 742.712 1 12
23,222 E 742.960 1 17
221 Au 742.742 1 11
24,223 E 742.991 1 16
26 Ag 769.623 2 01
27,227 E 769.853 2 06
226 Au 769.630 2 02
28,228 E 769.860 2 07
31 Ag 861.398 0 31
32,233 E 861.413 0 36
234 Au 865.771 0 32
33,235 E 865.788 0 37
37 Ag 914.388 1 22
38,240 E 914.814 1 27
239 Au 914.404 1 21
39,241 E 914.831 1 26
40 Ag 932.270 2 11
42,244 E 932.881 2 16
242 Au 932.247 2 12
41,243 E 932.858 2 17
43 Ag 966.855 3 02
44,246 E 967.252 3 07
45 Au 966.869 3 01
45,247 E 967.267 3 06
an and n8 are the quantum vibrational numbers of the methyl and phosphine
torsions, respectively.J. Chem. Phys., Vol. 106,
Downloaded 25 Jan 2013 to 161.111.22.141. Redistribution subject to AIP lTABLE V. Calculated and experimental frequencies and intensities of
a-type bands for gauche-gauche transitions of the phosphine torsiona.
Transitions Theoretical Experimental
Dn Dn8 Symmetry Freq. (cm21) Int. 310 Freq. (cm21) Int. b
0!0 01!11 Ag! Ag 182.74 0.0226
0!0 06!16 E!E 182.75 0.0226 183 sh
0!0 02!12 Au!Au 182.76 0.0226
0!0 07!17 E!E 182.77 0.0226
1!1 02!12 Ag!Ag 176.56 0.0048
1!1 07!17 E!E 176.76 0.0048 — —
1!1 01!11 Au!Au 176.59 0.0048
1!1 06!16 E!E 176.79 0.0048
0!0 11!21 Ag!Ag 171.81 0.0165
0!0 16!26 E!E 171.82 0.0165 173 w
0!0 12!22 Au!Au 172.18 0.0166
0!0 17!27 E!E 172.18 0.0166
1!1 12!22 Ag!Ag 171.68 0.0034
1!1 17!27 E!E 171.84 0.0034 — —
1!1 11!21 Au!Au 171.66 0.0038
1!1 17!27 E!E 171.85 0.0038
an and n8 are the quantum vibrational numbers of the methyl and phosphine
torsions, respectively.
bsh 5 shoulder, w 5 weak.
TABLE VI. Calculated and experimental frequencies and intensities of
c-type bands for trans-trans transitions of the phosphine torsion.a
Transitions Theoretical Experimental
Dn Dn8 Symmetry Freq. (cm21) Int. 310 Freq. (cm-1) Int. b
0!0 0!1 Ag!Au 188.735 0.2209 183.4 vs
0!0 0!1 E!E 188.754 0.2223
0!0 1!2 Au!Ag 181.550 0.1691 177.4 vs
0!0 1!2 E!E 181.576 0.1694
1!1 0!1 Au!Ag 180.318 0.0438 176 ms
1!1 0!1 E!E 180.578 0.0432
1!1 1!2 Ag!Au 177.167 0.0321 170 ms
1!1 1!2 E!E 177.580 0.0328
1!1 2!3 Au!Ag 170.809 0.0199 168 ms
1!1 2!3 E!E 171.553 0.0204
0!0 2!3 Ag!Au 169.712 0.0953 166.3 s
0!0 2!3 E!E 169.715 0.0954
2!2 0!1 Ag!Au 166.214 0.0096 163 mw
2!2 0!1 E!E 166.824 0.0097
0!0 3!4 Au!Ag 150.847 0.0457 149.8 ms
0!0 3!4 E!E 150.834 0.0457
2!2 1!2 Au!Ag 136.342 0.0010 142 w
2!2 1!2 E!E 136.944 0.0013
an and n8 are the quantum vibrational numbers of the methyl and phosphine
torsions, respectively.
bvs 5 very strong, s 5 strong, ms 5 medium strong, mw 5 medium weak,
w 5 weak.No. 5, 1 February 1997
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1715Smeyers, Melendez, and Senent: Torsion modes in ethylphosphinesional calculations, additional t-t bands are obtained in the
same region. These can be easily attributed to methyl tor-
sionally excited bands with n51, and n52, on the basis of
their weaker intensities and the methyl torsional fundamental
and first sequence frequencies.
These bands give rise to a second but weaker progres-
sion n51, n850(E2)!n851(E1)!n852(E2)!n853(E1)
calculated at 180.58 ~0.0043!, 177.58 ~0.0033!, and 171.55
~0.0020! cm21, which could be attributed to the linelike band
observed at 176 ~medium strong!, 170 ~medium strong!, and
168 ~medium strong! cm21. In the same way, they give rise
to a third still weaker progression n52,n850(E1)
!n851(E2)!n852(E1), calculated at 166.82 ~0.0010!
and 136.94 ~0.0001! cm21, which could be attributed to the
band observed at 163 ~medium weak! and 142 ~weak!
cm21.
The g-g transitions give rise to quartets. Their frequen-
cies and intensities are gathered in Table VII. The fundamen-
TABLE VII. Calculated and experimental frequencies and intensities of the
c-type bands for the gauche-gauche transitions of the phosphine torsion,a as
well as the splittings between the lowest gauche-gauche levels.
Transitions Theoretical Experimental
Dn Dn8 Symmetry Freq. (cm21) Int. 310 Freq. (cm21) Int.b
0!0 01!12 Ag!Au 182.762 0.0158
0!0 06!17 E!E 182.773 0.0158 177 ms
0!0 02!11 Au!Ag 182.741 0.0158
0!0 07!16 E!E 182.752 0.0158 177 ms
1!1 01!12 Au!Ag 176.561 0.0025
1!1 06!17 E!E 176.756 0.0025 — —
1!1 02!11 Ag!Au 176.595 0.0025
1!1 07!16 E!E 176.789 0.0025 — —
0!0 12!21 Au!Ag 171.791 0.0147
0!0 17!26 E!E 171.796 0.0147 167 ms
0!0 11!22 Ag!Au 172.199 0.0144
0!0 16!27 E!E 172.204 0.0144 167 ms
1!1 12!21 Ag!Au 171.695 0.0022
1!1 16!27 E!E 171.823 0.0022 — —
1!1 11!22 Au!Ag 171.646 0.0022
1!1 17!26 E!E 171.871 0.0022 — —
2!2 01!12 Ag!Au 162.625 0.0005
2!2 06!17 E!E 162.005 0.0005 — —
2!2 01!12 Au!Ag 162.640 0.0005
2!2 07!16 E!E 163.021 0.0005 — —
0!0 21!32 Ag!Au 157.039 0.0082
0!0 26!37 E!E 157.036 0.0082 153 ms
0!0 22!31 Au!Ag 152.278 0.0099
0!0 27!36 E!E 152.273 0.0099 153 ms
Splittings ~MHz!
0!0 01!02 Ag!Au 16.48 — 5.2 —
0!0 11!12 Ag!Au 609.77 — 229.4 —
an and n8 are the quantum vibrational numbers of the methyl and phosphine
torsions, respectively.
bms 5 medium strong.J. Chem. Phys., Vol. 106,
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is calculated to lie at 182.77 ~0.0016! and 182.75 ~0.0016!
cm21. These are relatively strong bands which could be as-
sociated to linelike band at 177 ~medium strong! cm21. The
assignment of the first and second sequences obtained at
171.80 ~0.0015! and 172.20 ~0.0015! cm21 and 157.04
TABLE VIII. Calculated frequencies and intensities of the c-type bands for
the trans-trans transitions of the methyl torsion.a
Transitions Symmetry Frequency (cm21) Intensity 310
Dn Dn8
0!1 0!0 Ag!Au 233.422 0.1029
0!1 0!0 E!E 233.482 0.1028
1!2 0!0 Au!Ag 225.738 0.0736
1!2 0!0 E!E 225.943 0.0730
0!1 1!1 Au!Ag 225.005 0.0174
0!1 1!1 E!E 225.304 0.0171
2!3 0!0 Ag!Au 219.236 0.0363
2!3 0!0 E!E 219.488 0.0359
1!2 1!1 Ag!Au 211.634 0.0206
1!2 1!1 E!E 212.189 0.0198
an and n8 are the quantum vibrational numbers of the methyl and phosphine
torsions, respectively.
TABLE IX. Calculated frequencies and intensities of the c-type bands for
gauche-gauche transitions of the methyl torsion.a
Transitions Symmetry Freq. (cm21) Int. 310
Dn Dn8
0!1 01!01 Ag!Au 211.97 0.0066
0!1 06!06 E!E 212.02 0.0066
0!1 02!02 Au!Ag 211.97 0.0066
0!1 07!07 E!E 212.02 0.0066
0!1 11!11 Ag!Au 205.82 0.0005
0!1 16!16 E!E 206.05 0.0005
0!1 12!12 Au!Ag 205.77 0.0005
0!1 07!16 E!E 206.00 0.0005
1!2 02!02 Ag!Au 203.48 0.0055
1!2 07!07 E!E 203.66 0.0055
1!2 01!01 Au!Ag 203.47 0.0055
1!2 06!06 E!E 203.65 0.0055
1!2 12!12 Ag!Au 189.54 0.0014
1!2 17!17 E!E 189.90 0.0014
1!2 11!11 Au!Ag 189.53 0.0015
1!2 16!16 E!E 189.89 0.0014
2!3 01!01 Ag!Au 197.25 0.0028
2!3 06!06 E!E 197.41 0.0028
2!3 02!02 Au!Ag 197.22 0.0027
2!3 07!07 E!E 197.39 0.0027
an and n8 are the quantum vibrational numbers of the methyl and phosphine
torsions, respectively.No. 5, 1 February 1997
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1716 Smeyers, Melendez, and Senent: Torsion modes in ethylphosphine~0.0008! and 152.27 ~0.0010! could be associated to the ob-
served bands at 167 ~medium strong! ad 153 ~medium
strong! cm21.
As in the t-t transitions, additional methyl torsionally
excited g-g bands are encountered in the same region. A first
progression (n51);n850(E)!n51(E)!n852(E) is
found at 176.76 and 176.79 cm21, and 171.82 and 171.87
cm21, as well as a second band (n52),n850(E)
!v851(E) at 163.00 and 163.02 cm21. These bands are
too weak to be assigned.
In the same Table VII, the calculated splittings between
the Ag and Au quartet components of the two lowest g-g
levels are also given. These splittings appear to be too large
when compared with the experimental measurements for-
warded by Groner et al..2 This disagreement could be due to
the limited basis set employed in the electronic calculations.
In the present two dimensional calculations, pure methyl
t-t and g-g torsion bands are also obstained. They are found
at somewhat higher frequencies from 233 cm21 to
TABLE X. Calculated frequencies and intensities of the c-type combination
bands for the trans-trans transitions.
Transitions Symmetry Freq. (cm21) Int. 310
Dn Dn8
1!0 0!2 Au!Ag 136.86 0.0009
1!0 0!2 E!E 136.85 0.0009
2!1 0!2 Ag!Au 131.75 0.0004
2!1 0!2 E!E 132.21 0.0004
1!0 1!3 Ag!Au 126.26 0.0009
1!0 1!3 E!E 125.99 0.0009
an and n8 are the quantum vibrational numbers of the methyl and phosphine
torsions, respectively.
TABLE XI. Calculated frequencies and intensities of the c-type combina-
tion bands for the gauche-gauche transitions.
Transitions Symmetry Freq. (cm21) Int. 3100
Dn Dn8
2!1 01!21 Ag!Au 144.78 0.0012
2!1 06!26 E!E 144.98 0.0012
2!1 02!22 Au!Ag 144.76 0.0012
2!1 07!27 E!E 144.95 0.0012
1!0 02!22 Ag!Au 142.97 0.0010
1!0 07!27 E!E 142.94 0.0010
1!0 01!21 Au!Ag 142.58 0.0011
1!0 06!26 E!E 142.55 0.0011
1!0 12!32 Ag!Au 123.06 0.0001
1!0 17!37 E!E 122.83 0.0001
1!0 11!31 Au!Ag 118.66 0.0008
1!0 16!36 E!E 118.42 0.0008
an and n8 are the quantum vibrational numbers of the methyl and phosphine
torsions, respectively.J. Chem. Phys., Vol. 106,
Downloaded 25 Jan 2013 to 161.111.22.141. Redistribution subject to AIP l190 cm21, because of the higher rotation barrier of the me-
thyl group. The frequencies and intensities are given in
Tables VIII and IX.
The fundamental t-t transition n850,n50(E)
!n51(E) is found at 233.48 cm21 which is relatively
strong band ~intensity 0.0103!. Unfortunately, the FIR spec-
trum is not reported in this region. The assignment of the
first and second transitions n51(E)!n52(E)!n53(E)
is straightforward at 225.94 and 219.49 cm21. A second
phosphine torsionally excited (n851) progression is ob-
tained at 225.30 and 212.19 cm21.
Finally, very weak combination bands, in which both
torsional modes are involved, are also obtained in the same
region. They are gathered in Tables X and XI. They will also
contribute to the absorbing background.
V. CONCLUSIONS
In this paper, the FIR methyl and phosphine torsional
frequencies, as well as the intensities, are determined theo-
retically in ethylphosphine. It is seen that a two dimensional
calculation not only reproduces the main t-t transitions ob-
tained previously in a one dimensional calculation, but also
furnishes methyl torsionally excited progressions for the
phosphine torsion mode. In addition, the present calculation
yields progressions for the methyl torsion mode, as well as
combination bands in which both torsional modes are in-
volved. Most of these transitions occur in the region of
200–140 cm21 and are responsible for the complexity of the
spectrum.
Some transitions are foreseen to be strong enough to
give linelike bands; others only contribute to the strongly
absorbing background. The present calculation suggests a
new assignment for the t-t transitions between the phosphine
torsional levels involving the methyl torsionally excited
states. For the same reason some g-g transitions are reas-
signed.
It may be concluded that a two dimensional calculation
is necessary for reproducing the FIR methyl phosphine tor-
sional spectrum in the region from 200 to 140 cm21. Finally,
this paper suggests to extend the FIR spectrum measure-
ments in the region of 240 cm21 where the methyl torsional
bands are predicted to appear.
ACKNOWLEDGMENTS
This work has been supported by the European Union
under Contract No. CHRZ CT 93-0157 into the Human
Capital and Mobility Scheme. The authors also acknowledge
the financial assistance of the ‘‘Comision Interministerial de
Ciencias y Tecnologia’’ of Spain through Grant No. PB 93-
0185. Finally, one of us ~F.J.M.! wishes to thank the joint
commission between the Spanish CSIC and the Mexican
CONACYT for a PhD. grant.
1P. Groner, R. D. Johnson, and J. R. Durig, J. Mol. Struct. 142, 363 ~1986!.
2P. Groner, R. D. Johnson, and J. R. Durig, J. Chem. Phys. 88, 3456
~1988!.
3F. J. Mele´ndez and Y. G. Smeyers, Fol. Chim. Theoret. Lat. 22, 149
~1994!.No. 5, 1 February 1997
icense or copyright; see http://jcp.aip.org/about/rights_and_permissions
1717Smeyers, Melendez, and Senent: Torsion modes in ethylphosphine4Y. G. Smeyers, M. L. Senent, V. Botella, and D. C. Moule, J. Chem. Phys.
98, 2754 ~1993!.
5M. L. Senent, D. C. Moule, Y. G. Smeyers, A. Toro-Labbe´, and F. J.
Pen˜alver, J. Mol. Spectrosc. 164, 66 ~1994!.
6M. L. Senent, D. C. Moule, and Y. G. Smeyers, Can. J. Phys. 73, 425
~1995!.
7M. L. Senent, D. C. Moule, and Y. G. Smeyers, J. Chem. Phys. 102, 5952
~1995!.
8M. L. Senent, D. C. Moule, and Y. G. Smeyers, J. Mol. Struct. 372, 257
~1995!.
9Y. G. Smeyers and M. N. Bellido, Int. J. Quantum Chem. 19, 553 ~1981!.J. Chem. Phys., Vol. 106,
Downloaded 25 Jan 2013 to 161.111.22.141. Redistribution subject to AIP l10Y. G. Smeyers, M. Villa, and M. L. Senent, J. Mol. Spectrosc. 177, 66
~1996!.
11M. A. Harthcock and J. Laane, J. Phys. Chem. 89, 4231 ~1985!.
12Y. G. Smeyers, ‘‘Introduction to Group Theory for Non-rigid Molecules,’’
in Advances in Quantum Chemistry ~Academic, New York, 1992!, Vol.
24, pp. 1–77.
13Y. G. Smeyers, A. Herna´ndez-Laguna, and P. Galera-Go´mez, An. Quı´m.
~Madrid! 76, 67 ~1980!.
14Y. G. Smeyers and M. Villa, Chem. Phys. Lett. 235, 587 ~1995!.
15 J. F. Mele´ndez and Y. G. Smeyers, Fol. Chim. Theort. Lat. 23, 84 ~1995!.No. 5, 1 February 1997
icense or copyright; see http://jcp.aip.org/about/rights_and_permissions
